Introduction

Results
The shape of an organism is determined by the morphogenetic behavior of its cells. While we know much about vab-1 Mutants are Defective in Morphogenesis the process of morphogenesis at the descriptive level
The most striking defect of vab-1 mutant larvae is the and from experimental embryology and biochemistry, deformation of head epidermis, the "Notched head" relatively little is known of the genetic mechanisms unphenotype (Brenner, 1974; Figures 1A and 1B) ; epiderderlying morphogenetic movements (Bard, 1992) . Many mal morphogenesis is often also abnormal in the tail common types of morphogenetic movements involve region ( Figure 1B) . Morphology of the body is normal in epithelia, such as invagination and spreading (epiboly).
most vab-1 mutants. The phenotypes caused by vab-1 One approach to understanding the molecular mechaalleles are incompletely penetrant and variably exnisms underlying such movements is to use genetic pressed, hence the gene name vab (variable abnormal). analysis to identify mutants defective in such move-
The number of head epidermal cells and nuclei is normal ments. Genetic analysis in Drosophila melanogaster has in Notched head vab-1 mutants, as determined by Noidentified cell signaling pathways required for dorsal marski microscopy and expression of epidermal markepidermal closure (Knust, 1997) , including a JNK pathers (data not shown), indicating that the Notched head way that regulates cell shape changes in the leading phenotype results specifically from abnormal morphoedge (Glise et al., 1995; Riesgo-Escovar et al., 1996;  genesis of head epidermal syncytia ( Figures 1C and 1D ). Sluss et al., 1996) , and TGF␤ signaling pathways that Seventeen recessive zygotic vab-1 mutant alleles may transmit signals to cells behind the leading edge.
have been isolated by various workers (see ExperimenAnother type of epithelial morphogenesis that has tal Procedures). We classified vab-1 alleles as strong, been analyzed genetically is ventral furrow invagination intermediate, or weak, based on the penetrance of muduring Drosophila gastrulation. Genetic screens have tant phenotypes (Table 1) ; most animals mutant for identified two loci required for cell shape changes in strong vab-1 alleles arrest during embryogenesis due gastrulation: the G ␣ subunit concertina (cta) (Parks and to defects in epidermal enclosure (see below), whereas Wieschaus, 1991) and the novel secreted protein folded weak vab-1 mutants are almost fully viable. By genetic and molecular criteria (Tables 1 and 2 ), the strong vab-1 alleles cause complete loss of function. § To whom correspondence should be addressed. 
vab-1 Null Mutations Cause Variable Defects
The variable phenotypes of vab-1 null mutants can be described in terms of five phenotypic classes ( Approximately 35% of vab-1 null mutant animals disEnclosure of the Epidermis To determine the role of vab-1 in embryonic developplayed defects in cell movements following gastrulation. During normal C. elegans gastrulation, a ventral cleft is ment of the epidermis, we analyzed the embryogenesis of vab-1 mutant embryos using conventional and fourformed by the movement of endoderm, mesoderm, and germline precursors into the interior of the embryo; this dimensional Nomarski microscopy. We found that vab-1 null mutant embryos are variably defective in the movecleft is gradually closed by the short-range lateral movements of many neuroblasts (Figures 2A and 2C ) (Sulston ments of neuroblast cells during closure of the ventral gastrulation cleft and in the migrations of epidermal cells et al., 1983) . In 20% of vab-1 embryos (phenotypic classes I and II), the ventral cleft is deeper than normal during ventral enclosure of the epidermis. These defects in cell movements result in failure of enclosure of the and remains for longer ( Figure 2E ); in 15% of embryos the cleft is of normal depth and lasts longer (class III). embryo by epidermal cells, and such embryos arrest because internal cells leak out at the ventral midline.
These phenotypes appear to result from delays in the Figure 2F ), or they migrate to the ventral midline and fail to form junctions as described in Experimental Procedures. The predicted VAB-1 protein ( Figure 4A ) is most simicorrectly (class II). The leading cells in class I and II embryos often send actin-rich processes to abnormally lar to Eph-related RPTKs, recently renamed Eph receptors (Eph Nomenclature Committee, 1997). The Eph reanterior regions, as determined by phalloidin staining (data not shown), and migrate to abnormally anterior ceptor subfamily is the largest subfamily of RPTKs (Orioli and Klein, 1997) . EphA receptors bind GPI-linked ephrin positions ( Figure 2F ). As a result, ventral closure is incomplete, and internal cells ooze through a hole in the ligands, and EphB receptors bind transmembrane ephrins (Gale et al., 1996) ; VAB-1 shows equal sequence similarventral midline of the epidermis when elongation begins, resulting in rupture and arrest of the embryo. In other ity to EphA and EphB subclasses. VAB-1 contains all hallmark features of Eph receptors ( Figures 3B and 3C ), embryos (class III) the leading cells meet up normally, but internal cells ooze from the region of the posterior including in its extracellular domain an N-terminal globular domain with weak similarity to immunoglobulin doleading cells after elongation ( Figure 2I ), suggesting that the cells do not properly connect with their partners. In mains (O'Bryan et al., 1991) , a cysteine rich domain, in which the positions of the cysteine residues are highly 65% of vab-1 embryos, closure of the gastrulation cleft appears normal, and the embryos elongate to the conserved among Eph family members, and two fibronectin type III repeats. The intracellular domain of VAB-1 1.5-fold or 2-fold stage (classes IV and V); about onethird of these embryos rupture along the ventral midline contains the juxtamembrane motif Y(I/V)DPXTYEDP found in all vertebrate Eph receptors and a tyrosine kinase at the 2-fold stage or later ( Figure 2J ), indicating a late defect in ventral enclosure; and the remaining two-thirds catalytic domain most similar (59% identical) to that of human EphA3/Hek and between 51% and 58% identical do not rupture (class V; data not shown). The phenotype of class IV embryos, in which closure of the ventral to those of other Eph receptors ( Figure 3E ). Unlike other Eph receptor kinase domains, the VAB-1 kinase domain gastrulation cleft is normal but epidermal enclosure is defective, suggests that the ventral enclosure defects contains an insert sequence (A719-E743) between subdomains I and II. in vab-1 embryos are not merely a consequence of the defects in ventral cleft closure.
In vab-1 embryos, internal organs and tissues differMutations in the VAB-1 Extracellular Domain entiate normally, as judged by Nomarski microscopy.
Cause Strong or Intermediate Several markers of neuronal and epidermal cell fates Mutant Phenotypes were examined and showed normal expression in vab-1
To identify functionally important parts of the VAB-1 mutants (data not shown). Thus, the morphogenetic deprotein, we determined the molecular lesions of vab-1 fects in vab-1 embryos do not appear to be due to mutant DNAs (Table 1) . Several of the strong alleles had improper specification of neural or epidermal fates.
lesions consistent with their genetic behavior as null mutations. Three strong alleles, dx14, dx31, and e2027, cause deletions of sequences encoding parts of the vab-1 Encodes an Eph Receptor Protein-Tyrosine Kinase extracellular domain ( Figure 3A ), and e1059 is an amber stop in the signal peptide. One strong and two intermediWe cloned vab-1 using genetic mapping and transformation rescue. We mapped vab-1 close to the right ate alleles cause missense alterations in the extracellular domain and might define functionally important residues alleles e2, e1063, and ju22 cause missense alterations of conserved residues that function to stabilize the in Eph receptors. The strong allele ju8 and the intermediate allele e699 affect residues (E62K and T63I, respecstructure of other kinase domains (Hubbard et al., 1994) . Three weak alleles should truncate the kinase domain: tively) in the N-terminal globular domain, and the e856 mutation affects the cysteine-rich domain ( Figure 3D ); ju63 and e116 cause stop codons, and e118 is a deletion of the C-terminal 202 residues of VAB-1. One allele, tn2, these domains have been implicated in ephrin-Eph receptor interactions (Labrador et al., 1997) .
causes a stop codon in kinase subdomain IX yet causes an intermediate mutant phenotype; it is unclear why the tn2 phenotype is stronger than those of the other kinase Mutations in the VAB-1 Kinase Domain domain alleles. The above mutations would be predicted Cause Weak Mutant Phenotypes to abolish catalytic activity of VAB-1, yet none appears Seven vab-1 mutations disrupt the kinase domain of to cause complete loss of vab-1 function, suggesting VAB-1 ( Figure 3E ) and are likely to cause severe loss of that VAB-1 may possess both kinase-dependent and kinase activity (see Discussion). Strikingly, six of these seven alleles cause weak mutant phenotypes. The weak kinase-independent functions.
vab-1 Reporter Constructs Are Widely Expressed in Early Embryos but Only in Nonepidermal Cells during Ventral Enclosure
To determine the pattern of expression of vab-1, we used reporter constructs containing translational fusions of the vab-1 locus to green fluorescent protein (GFP; see Experimental Procedures). Such vab-1::GFP constructs fully rescued vab-1(e2027) mutant phenotypes, indicating that these constructs reflect the endogenous vab-1 expression pattern. Expression from one such construct, juIs24, was analyzed in detail. VAB-1::GFP was expressed in many cells during late gastrulation; based on their positions these cells include the neuroblasts whose movement is defective in vab-1 mutants ( Figure 4A ) and may also include some epidermal precursors. During ventral enclosure of the epidermis, VAB-1::GFP was expressed in clusters of cells of the head and tail regions ( Figures 4B-4F ). In the head region, VAB-1::GFP was expressed in clusters of presumptive neuronal cells. Early in enclosure these cells appear to lie beneath the epidermal leading cells ( Figures 4C and 4D) ; later in enclosure, the VAB-1-expressing cells lie anterior to the leading cells ( Figure  4E ). VAB-1::GFP was not detectably expressed in the epidermal leading cells at any stage during ventral enclosure. In the posterior of the embryo, VAB-1::GFP was expressed in several cells, including QV5 and the ventral hyp7 cells posterior to the rectum (data not shown); VAB-1::GFP was also expressed in several pharyngeal cells ( Figure 4G ). In late embryogenesis and throughout larval and adult development, VAB-1::GFP was localized to the axons of many neurons throughout the nervous do not display obvious behavioral defects, we have and the position of the intron between exons 6 and 7 is conserved found that vab-1 mutants display defects in axonal outbetween vab-1, chicken EphB2, and rat EphA5 (Maisonpierre et al., growth and fasciculation (S. E. G. and A. D. C., unpub-1993) , suggesting that these genes might share a common ancestor. lished data).
Locations of the deletions dx14, dx31, e2027, e118, and the splice site mutation e200 are shown. Herman, 1995) to determine in which cells vab-1 is necand EphB receptors. The VAB-1 extracellular domain (residues 55-essary for normal morphogenesis. Because genetic mo-550) is most similar (27% identity, 42% similarity) to chicken EphB2/ saics could not be identified during embryogenesis, we Cek5 (Pasquale, 1991) ; within the EphA subfamily the extracellular analyzed viable vab-1 genetic mosaics. We identified domain of human EphA4/Hek8 (Fox et al., 1995) is most similar to 83 vab-1 genetic mosaics, 56 of which displayed mor-VAB-1 (27% identity, 41% similarity). Sequences were aligned using phogenetic defects in head epidermis (the Vab phenoClustalW; identities are in black and conserved residues in gray. ju8, which changes a glutamate to a lysine (charge reversal), and type tyrosine kinase. The phenotypes of null and kinase domain mutations in VAB-1 suggest that the VAB-1 RTK has both kinase-dependent and kinase-independent functions. Our analysis of vab-1 mutant phenotypes, expression pattern, and genetic mosaics suggests that vab-1 functions in neuronal cells to regulate normal morphogenesis of the epidermis.
vab-1 Function Is Required in Nonepidermal
Evolutionary Conservation of Eph Signaling Pathways
VAB-1 is most similar to receptor tyrosine kinases of the Eph subfamily. Eph receptors were first isolated from vertebrates by homology in the kinase domain (Hirai et al., 1987) and are the largest subfamily of RPTK (Orioli and Klein, 1997 tween nematodes and vertebrates. function caused strong morphogenetic defects, suggesting that vab-1 functions in many AB-derived cells.
VAB-1 Might Participate in Forward Five losses of vab-1 function outside the AB lineage did
and Reverse Signaling not cause morphological defects ( Figure 5A ).
Vertebrate Eph receptors may participate in both kinaseThe early focus of vab-1 function in the AB lineage dependent "forward" signaling and in kinase-indepenmight reflect a requirement for vab-1 in many epidermal dent "reverse" signaling. For example, deletion of the cells, in many nonepidermal cells, or both. To determine kinase domain of murine Nuk/EphB2 did not affect its whether vab-1 was required in epidermal or nonepiderfunction in axonal guidance in the anterior commissure mal cells, we identified mosaics in which vab-1 had been (Henkemeyer et al., 1996) . EphB2 is not expressed on lost from precursors at the AB 8 stage or later; at this anterior commissure axons but on substrate cells over stage three precursors (ABarp, ABpra, and Abpla) generwhich the axons navigate. A transmembrane ligand for ate the head epidermal cells hyp4, hyp5, and hyp6. Three EphB2, ephrin-B1/LERK-2, is expressed on anterior of 18 mosaic animals in which vab-1 was lost in epidercommissure axons, and EphB2 binding to ephrin-Bs can mal precursors (in ABpla, ABplaa, Abpra, or ABpraa) induce phosphorylation of tyrosines on the intracellular displayed Vab phenotypes. By contrast, 12 of 14 mosaic domain of the ephrin-B, thus potentially activating a animals in which vab-1 had been lost only from nonepisignaling cascade in the ligand-expressing cell (Holland dermal precursors (ABplp, ABplpa, ABprp, and ABprpa) et al., 1996; Brü ckner et al., 1997). displayed Vab phenotypes ( Figures 5B and 5C ). Our data VAB-1 likely has some forward signaling functions, clearly show that losses of vab-1 function in neuronal because missense alterations of conserved residues in lineages cause non-cell-autonomous defects in epiderthe kinase domain cause partial reduction in vab-1 funcmal morphogenesis, consistent with our data showing tion. However, none of the VAB-1 kinase alleles causes that VAB-1::GFP is mostly expressed in neurons from complete loss of vab-1 function. It is possible that the the ventral enclosure stage onward. However, we canweak phenotype of these mutants is due to residual not exclude the possibility that vab-1 has additional cellkinase activity. However, the kinase subdomains deautonomous roles in the epidermal cells. leted in e118 mutants contain residues essential for catalytic activity (Yaciuk and Shalloway, 1986) ; also, leDiscussion sions equivalent to those of vab-1(e2) and vab-1(e116) were found in the null alleles sy7 and sy5 of the C. We show here that vab-1, which functions in epidermal morphogenesis in C. elegans, encodes an Eph receptor elegans let-23 RPTK, indicating that such mutations that normally provide a permissive substrate for epidermal cell movements. Mispositioned neuronal precursors resulting from the gastrulation cleft defects seen in vab-1 mutant embryos could interfere with normal epidermal migration and likely contribute to the epidermal defects seen in severely mutant vab-1 animals (class I-III). However, we often observe defects in enclosure in the absence of obvious defects in cleft closure (class IV phenotype). Thus, defects in epidermal enclosure do not appear to be solely due to defects in neuroblast movements following gastrulation.
In the "reverse signal" model ( Figure 6B ), neurons signal directly to epidermal cells, potentially providing ogous to that observed for vertebrate Eph receptors. Alternatively, VAB-1 could receive a signal from epidermal cells and thereby activate a second signaling pathcause complete loss of activity of the LET-23 kinase way in the reverse direction. Two observations further (Aroian et al., 1994) . Thus, the VAB-1 kinase domain suggest that VAB-1-expressing cells might provide an mutations should abolish kinase activity.
inhibitory signal to epidermal cells. First, in wild-type An alternative explanation for the weak phenotypes embryos the leading cells migrate posteriorly and adjaof vab-1 kinase mutants is that VAB-1, in addition to cently to VAB-1-expressing cells ( Figures 4B-4E ). Seckinase-dependent forward signaling functions, has kiond, in some vab-1 mutant embryos the leading cells nase-independent reverse signaling functions. Such migrate anteriorly to their normal positions, possibly a result of a lack of anterior repulsive cues. Identification functions presumably require the VAB-1 extracellular and localization of ligands for VAB-1 is necessary to domain, possibly interacting with ephrin ligands, and distinguish between these two models for VAB-1. would explain why only mutations disrupting the VAB-1
Our genetic analysis of vab-1 has shown that the null extracellular domain would cause null phenotypes. As phenotype of vab-1 is a variable defect in epidermal discussed below, VAB-1 reverse signaling could acmorphogenesis. As a small percentage of vab-1 null count for the nonautonomous role of vab-1 in epidermal mutants develop into apparently normal adults, vab-1 morphogenesis. As both weak and strong vab-1 alleles function is not essential. vab-1 signaling may be partly appear to cause similar ranges of phenotypes with difredundant with other signaling pathways, as found for ferent penetrances, the kinase-dependent and kinasesome vertebrate Eph receptors (Orioli et al., 1996) , alindependent functions of vab-1 may be required for rethough no additional Eph receptors have yet been identilated aspects of morphogenesis.
fied in the C. elegans genomic sequence.
The Role of VAB-1 in Signaling from Neurons to Eph Signaling in Vertebrate Morphogenesis Epidermis during Epidermal Morphogenesis
Signaling via Eph receptors and ligands has been imvab-1 mutants are defective in the movements of neuroplicated in axon guidance and topographic mapping blasts that close the ventral gastrulation cleft and the (Cheng et al., 1995; Gao et al., 1996 ; Henkemeyer et movements of the epidermal leading cells that initiate al., 1996; Nakamoto et al., 1996) . Ephrin signaling can epidermal enclosure. Unexpectedly, vab-1 is not exfunction as a repulsive cue for axon guidance by promotpressed in the epidermal leading cells but in neurons ing growth cone collapse (Drescher et al., 1995) . Ephrin underlying or adjacent to the leading cells. In addition, signaling has also been shown to promote axon fascicuour mosaic analysis has shown that loss of vab-1 funclation (Winslow et al., 1995) , formation of rhombomere tion in nonepidermal precursors causes epidermal morboundaries (Xu et al., 1995) , and to inhibit cell-cell adhephogenetic defects. Our results suggest that a major sion (Winning et al., 1996) . A common feature of Ephfunction of vab-1 is in neuronal cells and that the epidermediated signaling is thus the modulation of cell shape mal morphogenesis defects of vab-1 mutants in part and cell adhesion, processes critical to epithelial morresult from defects in neuronal cells. Thus, despite its phogenesis. similarity to receptors, VAB-1 acts in signaling rather
The expression patterns of many vertebrate Eph rethan responding cells. ceptors suggest they may be functioning in epithelial Our observations raise two questions: what signals morphogenesis. For example, EphB2/Nuk is expressed do underlying neurons provide to migrating epidermal in midline epithelial cells of the palatal shelves as they cells, and does VAB-1 function directly in such neuronalbegin to fuse in the midline. Mice lacking both the EphB2 to-epidermal signaling? We propose two models for this and EphB3/Sek4 receptors have cleft palates as a result process (Figure 6 ). These two models are not mutually of failure in closure of the secondary palate, possibly exclusive, and the phenotypes of vab-1 mutants suggest due to defective epithelial morphogenesis (Orioli et al. , that both models might apply. In the "steric hindrance" 1996). Many other Eph receptors are expressed in epimodel ( Figure 6A ), VAB-1 signaling only occurs between thelial or endothelial organs undergoing morphogeneneuronal precursors, and the epidermal defects in vab-1 sis, such as lung, heart , or in migrating cells (Brä ndli and Kirschner, 1995). Determining the mutants are a result of defects in neuronal precursors (Rol) phenotype (Mello et al., 1991 ible phenotype (Chen et al., 1996) . vab-1 may provide a clone, yk18c8, contains a 2992 bp insert that we sequenced, corresponding to bases 700-3962 of the composite vab-1 cDNA. We Experimental Procedures determined the 5Ј end (bases 1-699) of the vab-1 transcript in RT-PCR experiments; RT-PCR using the SL1 trans-spliced leader seGenetic Analysis of vab-1 quence as upstream primer (Krause and Hirsh, 1987 ) generated C. elegans strains were cultured using standard methods (Brenner, products, indicating that the vab-1 message is trans-spliced to SL1. 1974). Mutations used were as follows: LGI, unc-29(e1072) ; LG II, lin-
The vab-1 cDNA sequence is 3962 bp in length, consistent with the 31(n301), hlh-1(cc450), dpy-25(e817sd) , and tra-2(q122dm) (Schedl 4 kb band observed on Northern blots (data not shown), including and Kimble, 1988); LGIII, ncl-1(e1865); and LGX, lin-15(n765ts Brenner (e2, e116, e118, e200, e699, e721, e856 , and e1059), J. Lewis (e1029), J. Hodgkin (e1063), A. Fire (e2027), E. Lambie (dx14, Determination of Mutant DNA Sequences dx31), M. Zhen (ju8), D. Ostertag (ju22, ju63), and D. Greenstein (tn2).
We determined the sequences of genomic DNAs from vab-1 mutants All alleles were EMS-induced except dx14 and dx31, which were as described previously (Chisholm and Horvitz, 1995) . vab-1 exons UV-induced, and e2027, which arose spontaneously. All mutations and splice sites were amplified from all vab-1 mutants (except the fail to complement vab-1(e2). Map data showing that vab-1 lies deletion alleles dx14, dx31, e118, and e2027) and PCR products close to the right of hlh-1 are available from the Caenorhabditis sequenced using 33 P labeled primers and the fmol kit (Promega). All Genetics Center.
mutations were confirmed on both strands and in independent PCRs. The molecular lesions of two vab-1 mutations (e721 and Phenotypic Analysis e1029)
have not yet been found. Sequences of primers used are We determined the penetrance of vab-1 mutant phenotypes by pickavailable upon request. ing L4 animals from homozygous strains to separate plates, allowing
The vab-1 alleles dx14 and dx31 result from rearrangements, them to self, and transferring them every 24 hr. Eggs unhatched based on Southern blot analysis of mutant genomic DNA (data not after 24 hr were scored as embryonic arrest. Larvae that failed to shown). dx31 causes a deletion of at least 7 kb, removing exons develop into adults after 48 hr were scored as larval arrest. Any 1-4. dx14 appears to be a complex rearrangement, resulting in an morphological abnormality of the head region was scored as abnorapproximately 2 kb deletion that deletes exon 4 and the first half of mal. At least 500 individuals were scored for each genotype.
exon 5. We determined the stages at which vab-1 embryos arrest by following the development of vab-1 embryos using Nomarski microsvab-1::GFP Reporter Constructs copy. Embryos were followed from comma stage or before until
The VAB-1::GFP construct pCZ55 used for expression studies is a either development arrested or the embryo hatched. To generate translational fusion of GFP to a vab-1 minigene and contains 4.2 kb embryos heterozygous for vab-1 alleles and the deficiency ccDf4, of genomic sequence 5Ј to the vab-1 start codon, exons 1-5 (to the we mated males carrying the dominant feminizing mutation traSmaI site in exon 5) as genomic DNA, exons 6-10 as cDNA, GFP 2(q122) with ccDf4/dpy-25 hermaphrodites; non-Dpy cross progeny inserted in frame at the XhoI site near the VAB-1 N terminus, the are ccDf4/tra-2 females. These females were mated with vab-1/ϩ vab-1 3Ј UTR, and 0.4 kb of genomic DNA 3Ј to the polyadenylation males. One quarter of the F 1 animals from this cross will be of site. genotype vab-1/ccDf4. Transgenic lines were generated by transformation of vabTo generate animals transheterozygous for deficiencies that 1(e2027); lin-15 animals with pCZ55 and the lin-15 rescuing plasmid uncover vab-1, tra-2(q122) males were mated with ccDf4/dpy-25 pLin-15EK (Clark et al., 1994) ; four independent chromosomal intehermaphrodites and maDf4/dpy-25 hermaphrodites in separate grants (juIs24, juIs31, juIs32, and juIs33) were identified following crosses. Non-Dpy female cross progeny (genotype ccDf4/q122) X-ray mutagenesis. Expression was analyzed in the strain CZ723 of from the first cross were mated with non-Dpy male cross progeny genotype vab-1(e2027); ) (genotype maDf4/q122) from the second cross. One quarter of the by staining fixed transgenic animals with anti-GFP antibodies. Emprogeny of this cross were ccDf4/maDf4 heterozygotes. bryos were fixed in 1% paraformaldehyde and incubated with anti-GFP polyclonal antisera (Clontech) at 1:100 to 1:500 dilution and Analysis of Cell Movements by Time-Lapse with MH27 monoclonal (1:1500). Staining was visualized with fluoNomarski Microscopy rescently conjugated secondary antibodies using a confocal microFour-dimensional microscopy was used to record and follow cell scope. VAB-1::GFP staining patterns in all four lines were indistinmovements as described (Williams-Masson et al., 1997) . To generguishable. ate the movies analyzed, 30 focal planes 0.5 m apart were recorded every 60 s. A total of 58 vab-1(e2027) embryos were recorded from Analysis of vab-1 Genetic Mosaics early gastrulation until they had reached a terminal phenotype. We
We used two approaches to identify vab-1 mosaic animals. In both found that some vab-1 embryos develop more slowly than wildapproaches we generated transgenic arrays bearing wild-type coptype embryos following gastrulation and morphogenesis. Wild-type ies of vab-1 and cell-autonomous marker genes (Herman, 1995 [Miller et al., 1996] ), with the severity of the morphogenetic defects.
M03A1 (vab-1[ϩ] ) and the sur-5-GFP plasmid pTG96.1. sur-5-GFP is expressed in most somatic cell nuclei (T. Gu and M. Han, personal Transformation Rescue of vab-1 communication) and is a cell-autonomous marker for the array; uncvab-1(e2027) animals were injected with cosmid M03A1 (15 g/ml) and the plasmid pRF4 (50 g/ml), which confers a dominant Roller 29(ϩ) is required in body muscles (derived from P1) (Miller et al., 1996) . From such strains, three Unc non-Vab mosaics were identified Chen, J., Nachabah, A., Scherer, C.P.G., Reith, A., Bronson, R., and Ruley, H.E. (1996) . Germ-line inactivation of the murine Eck receptor and found to have lost the array in P1. We then screened for Vab tyrosine kinase by gene trap retroviral insertion. Oncogene 12, non-Unc animals (putative mosaics with losses in AB). Twenty-three 979-988. of such animals were found that had patterns of sur-5-GFP interpretable as resulting from losses of the array within AB.
Cheng, H.-J., Nakamoto, M., Bergemann, A.D., and Flanagan, J.G. We used the cell-autonomous marker ncl-1 (Hedgecock and Her-(1995) . Complementary gradients in expression and binding of ELF-1 man, 1995) in additional mosaic analysis experiments. We generated and Mek4 in development of the topographic retinotectal projection the strain (1995) . Genomic organization and able cell nuclei, as described (Clark et al., 1993) .
alternatively processed forms of Cek5, a receptor protein-tyrosine Of the 15 Rol Vab mosaic animals, 4 had losses in the nonepiderkinase of the Eph subfamily. Oncogene 11, 2429-2438. mal precursors ABprp and ABplp. As these mosaics had been selected on the basis of their Vab phenotype, it was possible that they Costa, M., Wilson, E.T., and Wieschaus, E. (1994) . A putative cell were rare double loss mosaics in which the Vab phenotype was due signal encoded by the folded gastrulation gene coordinates cell to loss of the array in epidermal cells (which we could not directly shape changes during Drosophila gastrulation. Cell 76, 1075-1089. score), rather than the observed loss in nonepidermal precursors.
Drescher, U., Kremoser, C., Handwerker, C., Lö schinger, J., Noda, To address this caveat we screened CZ712 Rols directly for mosa-M., and Bonhoeffer, F. (1995 
